This study relates to the size at morphological and physiological sexual maturity of the deep sea crab Anamathia rissoana. Between August 1997 to July 2000, 469 specimens were collected at depths of between 400 and 620 m off the western coast of Sardinia (Mediterranean Sea). On the basis of cheliped morphology, the males were classified into three demographic categories: immature, adolescent, or adult. In addition, a discriminant function analysis was performed in order to classify the males (post hoc prediction) using the biometric data relating to the four distal segments of the endopod of the right cheliped. For the females, only two demographic categories were detected: juvenile females with flat abdomen and adult females with domed abdomen. Morphological maturity was estimated from the allometric relationships between carapace width and propodus length in males or maximum abdomen width in females. For both sexes, allometric relationships were established in the specimens of each of the demographic categories. Physiological maturity was determined by observing testes or ovary size, colour, morphology, and development. Functional maturity was presumed to be the minimum size at which each sex was morphologically and physiologically able to reproduce. In males, the size at physiological maturity was clearly earlier than the size at morphological maturity, unlike in females where such values were similar.
The spider crab Anamathia rissoana (Roux, 1828) is distributed in the eastern Atlantic and the western Mediterranean as far as the Adriatic Sea (Bouvier, 1940; Relini-Orsi, 1973; Manning and Holthuis, 1981; Noël, 1992) . In the Mediterranean Sea, this crab is a characteristic and exclusive species of the bathyal bottoms (Pérès and Picard, 1964; Carpine, 1970) and occurs at depths of between 400 m and 750 m (Dieuzeide, 1955; Vaissière and Fredj, 1964; Zariquiey Á lvarez, 1968; Mura and Cau, 1992) . There is little information available on the biology of this deep-sea crab. The existing literature refers to the species'distribution, and some information exists on egg diameters, occurrence of young specimens and ovigerous females (Zariquiey Á lvarez, 1968; Carpine, 1970) , and the description of the prezoeal and first zoeal stages (Guerao and Abelló, 1996) .
In the continental slope of the western Mediterranean, A. rissoana co-exists with the gorgonian Isidella elongata (Esper, 1788), the hydroid Lovenella paniculata (Sars, 1873), the sea anemone Amphianthus dohrni (von Koch, 1878), the barnacle Scalpellum scalpellum (L., 1767), and a few species in the Serpulidae family (Carpine and Grasshoff, 1975) . The ''meadows'' of I. elongata seem to be the characteristic habitat of this crab according to Guerao and Abelló (1996) , who caught five females entangled in the branches of the gorgonian with bottom trawls off the Catalan coast. Anamathia rissoana specimens have been photographed at depths between 550 m and 700 m on branches of I. elongata in the region of Saint-Tropez (Vaissière and Fredj, 1964) . The increasing rarity of colonies of the horn-coral I. elongata due to trawling in a number of areas (Relini-Orsi and Relini, 1972) , could be one of the causes of the scarcity of A. rissoana and explain why the knowledge of its biology and ecology is so poor (Guerao and Abelló, 1996) .
This study provides more information on A. rissoana in the Mediterranean Sea, mainly concerning its biology with regard to size at the onset of sexual maturity.
MATERIALS AND METHODS
Samples were collected between August 1997 and July 2000 using 20-mm mesh bottom trawl nets. As soon as the crabs were captured, the specimens were frozen on board at À208C. In the laboratory, 469 specimens (221 males and 248 females) were examined, their sex was assessed, and each intact specimen without any morphological anomalies was measured. The following measurements of body size were taken for both sexes ( Fig. 1 ): carapace length (CL), measured between the posterior edge of the carapace and the point where the front spines are joined; maximum carapace width (CW), excluding lateral spines. In males, further linear distances of the endopod of the right cheliped were noted: dactylus length (DL), propodus length (PL), propodus width (PW), carpus length (CaL), and merus length (ML). The maximum abdomen width in the females (AW) was measured at the level of the fifth abdominal segment. All measurements were taken with a digital caliper to the nearest 0.1 mm. In addition, the maximum internal distance in males (ID) between the cutting edges of the dactylus and propodal prolongation in the right cheliped was recorded using an ocular micrometer. The morphology of the abdomen and the shape of the gonopores of the females were also recorded.
After verifying differentiated growth phases in the males and females, the allometric growth of the specimens in each of the identified phases was analysed in order to detect the changes in the growth of some parts of the body of the crabs, which usually occur at sexual maturity (Hartnoll, 1982) .
Three male groups were recognized according to the morphology of the right cheliped with regard to shape and maximum internal distance (ID). The first type of cheliped is characterized by fingers of different length with the dactylus shorter than the propodal prolongation (pollex) and proximally only slightly convex. The cutting edges of the dactylus and propodal prolongation are not very sinuous and present some small, barely perceptible tubercles. In a closed cheliped, the gap between the two edges is very narrow (ID ¼ 0.06 6 0.03). The second type of cheliped has fingers of different length with the dactylus slightly shorter than the propodal prolongation. The dactylus and the distal part of propodal prolongation has a single row of small subacute teeth on the cutting edge. The dactylus is slightly convex, with a small obtuse tooth on its proximal part. In a closed cheliped, there is a small space (ID ¼ 0.24 6 0.05) which separates the two edges. In the third type of cheliped, the dactylus is particularly curved and is the same length as the propodal prolongation. The distal part of the cutting edges of both fingers has a single row of well-developed teeth of different lengths. The dactylus has a large molariform tooth on the proximal part of the cutting edge. The proximal propodal prolongation part is exceptionally curved, and in a closed cheliped the space between the two edges is larger (ID ¼ 0.71 6 0.4), compared to the previous ones (Fig. 2 ).
An analysis of variance (ANOVA) on the ID data revealed a significant difference of the average values of this morphometric variable in the three male groups (F (2,217) ¼ 43.56; P , 0.001). Thus, on the basis of different cheliped morphology, the males were divided into three demographic categories which, using terminology of Sampedro et al. (1999) , were termed as either immature (instars previous to the prepubertal moult), adolescent (instars after the prepubertal moult), or adult males (instar after the terminal moult). The female specimens were morphologically grouped into juvenile or adult crabs by verifying the stage of terminal moult reached on the basis of the shapes of the abdomen, chosen as an indicator of maturity (juvenile females with flat abdomen, instars previous to the terminal moult; adult females with domed abdomen, instar after the terminal moult).
In addition, a discriminant function analysis was used to classify the male samples (post hoc prediction) on the biometric data (PL, PW, CaL, DL, and ML) relating to the four distal segments of the endopod, in order to confirm or modify the classification of each specimen into the three previously identified demographic categories, comparing the Mahalanobis distances of each case.
Allometric relationships were established between carapace width (CW, independent variable), used as a representative measurement of the body size of each specimen, and propodus length in males (PL, dependent variable) or maximum abdomen width in females (AW, dependent variable) for each demographic category. After logarithmic transformation of the data, linear regressions were calculated: Log y ¼ Log a þ b Log x þ e. The parameters a and b were assessed using the predictive regression model (Type-1) (Sokal and Rohlf, 1998) , and the t-test was used to check allometry or isometry of the regression slopes calculated.
An analysis of covariance (ANCOVA) was used to compare regressions of CW against PL for the three categories of males, and against AW for the two demographic categories of females. The calculations were carried out with Statistica Ó software Ver. 5.1 (1998 Edition). All the specimens were dissected to analyse the development of the gonads and determine the onset at physiological maturity. Thus, the degree of sexual physiological maturity was determined by adapting the model suggested by Abelló (1989) to the present species (Table 1) . Males with translucent testes (stage 1) and females with translucent and tubularfilamentous ovaries (stage 1) were classified as physiologically immature individuals.
Size at sexual maturity was therefore determined separately in both sexes by measuring either the dimensions of morphologically or physiologically mature specimens. The percentage of morphologically and physiologically mature specimens were calculated for each size class (0.5 mm CW). Logistic equations were adapted to the proportions of morphologically and the proportions of physiologically mature individuals, and the parameters of these equations were estimated as reported by Oh and Hartnoll (1999) . Sizes at maturity (SMm, size at morphological maturity and SMp, size at physiological maturity), corresponding to a proportion of 0.5 morphologically mature or physiologically mature crabs, were estimated as the negative ratio of the two coefficients a and b [CW 50 ¼ À(a/b)]. Functional maturity was predicted to be the minimum size at which crabs are morphologically and physiologically ready for reproduction (Pinheiro and Fransozo, 1998) .
STUDY SITE
The sampling area is situated in the Sardinian Sea, south of the Gulf of Oristano, between 398309N and 398409N and 88009E and 88109E, 28-37 km offshore. Anamathia rissoana specimens were collected at depths of between 400 and 620 m in the middle subzone of the continental slope, which is frequently interrupted by deep depressions and has a constant slope » 9%. The upper slope is made up of sandy mud dominated by the sea pen Funiculina quadrangularis (Pallas, 1766), and the middle slope is characterized by muddy bottoms populated with the horncoral I. elongata, according to Maurin (1965) .
RESULTS

Morphological Maturity: Males
The results of the discriminant analysis of the data of the samples classified as immature, adolescent, and adult males on the basis of the shape of the cheliped are presented on the scatter plot shown in Fig. 3 , where three distinct clouds of points are clearly evident. A slight overlapping is visible only between the points representing the adolescent and adult males. The discrimination between clouds of points is highly significant (Wilks lambda ¼ 0.107; F (10,428) ¼ 88.12; P , 0.001). Both discriminant functions are statistically significant (root 1: Chi-sqr.¼456.52, 10 d.f., P , 0.001; root 2: Chisqr. ¼ 107.41, 4 d.f., P , 0.001) and account for 100% of the explained variance: the first function accounts for 83.2% of the explained variance and is weighted most heavily by PL and DL, while the second function is more characterized by ML followed by CaL. The cloud of points associated with the adult specimens shows a more within-group variance than that observed in the other two groups for all the parameters examined. The posterior (post hoc) classification probabilities for each category were determined by the Mahalanobis distances of the cases from the different group centroids. The results of the classification into categories show how all the cases of the immature category were successfully predicted, 92.6% of the adolescent category and 98.7% of the adult category were successfully predicted. The three misclassified cases of the adolescent category had the higher posterior probability for classification in the adult category, while the two misclassifications of this latter category had a higher posterior probability for classification in the adolescent category. Each case was classified into the category for which it has the highest posterior classification probability. Therefore, the misclassified cases were moved from the observed category into the one predicted for successive developments.
The logarithmic plot of PL versus CW shows a separation between regression lines for the three different demographic morphometrical categories identified by the discriminant analysis. The demographic categories of males overlap between 5.3 mm and 13.7 mm CW, an interval of sizes that corresponds to the adolescent category of males (Fig. 4) . The allometric equations adapted to each category are presented in Table 2 .
The analysis of covariance indicates that the regression parameters of the three demographic categories of males are significantly different (ANCOVA: F 2,217 ¼ 115.75; P , 0.001). The comparison of the regression lines indicates that there are statistically significant differences among the slopes of immature and adult crabs (F-ratio ¼ 20.11, P , 0.01), and of adolescent and adult crabs (F-ratio ¼ 38.8, P , 0.01). On the contrary, there is no significant difference between the slopes of immature and adolescent males (Fratio ¼ 0.92, P ¼ 0.345), while there are statically significant differences among the intercepts (F-ratio ¼ 19.38, P , 0.01). Propodus growth shows positive allometric values in the adult and adolescent males (b . 1: adult t-test ¼ 6.37, 153 d.f., P , 0.001; adolescent t-test ¼ -2.98, 38 d.f., P , 0.001). The allometric relationship is also observed in immature males but with a lower level of significance (t-test ¼ À1.68, 24 d.f., P , 0.05).
An increase in the length of the propodus with the increase in the size of the body becomes evident when one compares the values of the ratio of PL to CW between the specimens of the three demographic categories of males. An ANOVA (F ¼ 242.40; P , 0.01) together with a NewmanKeuls test (P , 0.05) illustrate a significantly higher value in the adult males (1.55 6 0.17) than in the adolescent (1.11 6 0.12) and immature males (1.01 6 0.09). In the adult males, the length values of the propodus are from 17.1% to 34.5% bigger than in adolescents of the same size in the overlapping interval of the straight lines corresponding to the 8.3-13.7 mm CW size range. Moreover, males of A. rissoana were estimated to reach SMm at CW of 9.7 mm (Fig. 5 ).
Morphological Maturity: Females
The linear regression data show overlapping lines in the 8.6-14.3 mm CW range (Fig. 6) . The regression parameters relating to the two adapted allometric equations, determined as referring to juvenile and adult females, are shown in Table 3 . The analysis of covariance indicates there is a significant difference (ANCOVA: F 1,245 ¼ 1442.32, P , 0.001) in the relationship between AW and CW between juvenile and adult crabs. The growth in abdomen width is allometrically positive (b . 1: t-test ¼ 3.03; 50 d.f.; P , 0.001) in juvenile females, whereas it is isometric in adults (t-test ¼À1.97, 194 d.f., P . 0.05). An ANOVA (F ¼ 2203.94; P , 0.01) followed by a Newman-Keuls test (P , 0.05) illustrates a significantly higher value in the ratio of AW to CW in the adult (0.79 6 0.04) than in the juvenile females (0.46 6 0.04).
An increase in abdominal growth relative to carapace width is estimated to be between 42.3% and 38.6% in the overlapping interval of the straight lines in the 8.6-14.3 mm CW size range, which corresponds to the CW values of the smallest adult female and of the largest juvenile female. The sexual maturity curve shows an SMm value of 9.2 mm CW (Fig. 7) .
Physiological Maturity Mature testes were found all year round in all males larger than 7.7 mm CW. Only one mature crab of a smaller size (7.1 mm CW) was observed. For this reason the logistic equation did not fit, and the SMp value for males was not determined. The smallest size at which females with active developing ovaries (stage 3) were found was 8.6 mm CW. The smallest ovigerous female was 9.1 mm CW, and the largest female collected with immature ovaries (stage 1) was 11.3 mm CW. The maturity curve indicates the onset of the SMp at 9.4 mm of CW for A. rissoana females (Fig. 8) .
Functional Maturity
All the males defined as morphologically immature were also physiologically immature, while 78.6 percent of the adolescents (all with CW . 7.7 mm) and all of the adults were physiologically mature with opaque-white testes. The rest of the adolescents had immature testes or ones at beginning of maturation. These findings seem to suggest that in A. rissoana males, SMp takes place clearly earlier than SMm. It can therefore be seen that in the males, functional maturity is reached with morphological maturity.
In only a small percentage (27.3%) of the juvenile females starting from 6.7 mm CW were open gonopores found, even though they indicated stage 1 gonads, while all the morphologically adult females had open gonopores with gonad stage greater than 1. The SMm and SMp values were very similar in the females, and they can be considered to coincide with the functional maturity values, although changes in secondary sexual characteristics (i.e., the shape of the gonopores) can affect a certain number of smaller specimens.
DISCUSSION
The limits of spatial variations of A. rissoana in the Mediterranean Sea are not yet clearly defined. The association with I. elongata suggests, nevertheless, that the vertical distribution of the two species may restricted to the part of the continental slope where compact mud forms a soft superficial layer. The ecological relationship between these species, however, is not understood and remains to be clarified.
In the samples collected in Sardinian Sea, the males of this homochelid species can be divided into three demographic categories relating to the morphology of the endopod of the cheliped: the relative size and shape of the chelipeds indicate that, during their life cycle, males undergo three growth phases, characterized by morphological changes identified as the result of reaching prepubertal and terminal, or pubertal, moult.
In the majid species, the terminal moult coincides with the pubertal moult (Hartnoll, 1963) , which results in the morphological changes necessary for mating and reproduction (Hartnoll, 1968 (Hartnoll, , 1974 (Hartnoll, , 1978 Lewis, 1977; Vannini and Gherardi, 1988) . Three morphological demographic categories of males have been recognised in other species of majids (see Sampedro et al., 1999) . In the adult instar, the observation of a few different cheliped morphologies in the largest A. rissoana males, with regard to shape and internal distance between propodal prolongation and dactylus (Mura et al., unpublished) , suggests the existence of diverse morphs in postpuberty specimens, as found in Pisa tetraodon (Pennant, 1777) by Vernet-Cornubert (1958) , or Pisa armata (Latreille, 1803) and Inachus leptochirus Leach (1817) by Hartnoll (1963) .
The fact that large size specimens are rare in the samples collected off the coasts of Sardinia is one reason why it is not possible to discriminate separate slopes after terminal moult and calculate more than one level of allometry. Moreover, the functional role of the cheliped polymorphism in adult males remains unknown. Because the shape and the size of the abdomen were chosen as an indicator of maturity in females, only two demographic categories were recognised: juvenile females with flat abdomen and adult females with domed abdomen. The significant changes that occur to the abdomen allow us to identify the range of sizes in which the terminal moult in the female A. rissoana takes place. However, they have not provided any information about the prepubertal moult.
In the males, according to allometric rates of cheliped growth, the prepubertal moult is found in the 5.3-7.1 mm CW range. The terminal moult occurs in a very broad CW range for both sexes of A. rissoana crabs, and is similar in males and females alike, being equal to about one-third of the actual total CW range for females and a little lower for the males (32.9% and 28.8% respectively).
Morphologically adult specimens were observed starting from a size class of 8 mm CW in both sexes, and the largest immature females and adolescent males measured about CW ¼ 14 mm.
In the A. rissoana males, the propodus growth is only proportionally greater than the CW increase in the specimens that have already undergone the prepubertal moult. A range of increase from 17.1 percent to 34.5 percent in the length of the propodus characterizes the successive transition from adolescent males to adults in the range of CW in which the terminal moult occurs.
In the females, the growth of the abdomen is positive allometric in the adolescent specimens and isometric in the adults, with an increase in width estimated to be between 42.3 percent and 38.6 percent in a range of 5.7 mm of CW in which the terminal moult takes place.
The development of the secondary sexual characteristics occurs in different ways. In A. rissoana, male gonad activity (swollen testes or ones which are reaching full development) can be observed in a high percentage of morphologically adolescent specimens.
In the females, the development of the abdomen occurs after the terminal moult, while the opening of the gonopores can occur immediately before, as indicated by the modest proportion of juvenile females found with open gonopores but immature ovaries, probably during the final prepuberty instar (Hartnoll, 1963) . In A. rissoana males, therefore, physiological maturity occurs before morphological maturity, as observed in other brachyurans (Hartnoll, 1982; Gonzales-Gurriaran, 1985; Pinheiro and Fransozo, 1998; Sampedro et al., 1999) , while in the females, physiological and morphological maturity may be considered synchronous, a condition that is normally seen in female spider crabs (Hartnoll, 1963) . In both sexes of A. rissoana, the SMm values are very similar, and morphological maturity coincides with functional maturity, as observed in other majids (Hartnoll, 1963; Conan and Comeau, 1986; Sampedro et al., 1999) .
